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INVESTIGATING CARBON-CAPTURING GETTER ANODE DESIGN 
USING A FAST COMPUTATIONAL TOOL 
DAVID CORTESE WAGNER 
ABSTRACT 
Solid Oxide Fuel Cells (SOFCs) are a promising technology in the power-
generation sector because of their ability to use either hydrocarbons or pure hydrogen. 
However, introducing hydrocarbons to SOFCs has the negative effect of 
poisoning the anode of the SOFC with carbon molecules.  These carbon deposits in the 
anode place mechanical stress on the anode and crack the anode interrupting the nickel-
based electron percolation network.  Gradual interruption of this network increases anode 
electrical resistance and can eventually lead to complete SOFC functional failure. 
 However, one technology that may reduce premature anode failure due to carbon 
deposition is the use of a getter anode.  A getter anode intercepts the carbon prior to 
deposition on the functional anode. 
 In this work, A CFD model was modified to incorporate a getter anode, and the 
functional anode in the study saw a roughly 60% drop in carbon deposition with the 
addition of a 0.1mm getter anode, compared to the baseline.  Also a trend was found that 
total carbon deposited on the functional anode decreased as the porosity of the getter 
anode decreased.  However, lengthening the getter anode and decreasing its porosity can 
potentially starve the functional anode of hydrogen fuel, so a tradeoff exists removing 
carbon and maintaining fuel cell performance. 
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1. INTRODUCTION 
1.1 Introduction to Problem 
Fuel cells are a potential technology that addresses the issue of producing clean 
energy with little or no emissions.  There are several types of fuel cells, but one specific 
type of fuel cell which holds promise for large-scale power generation is the Solid Oxide 
Fuel Cell (SOFC).  SOFCs have great potential as a future stationary power source 
because their mechanisms for fuel conversion, materials, and efficiency give them an 
advantage over other types of fuel cells (O’Hayre, 2006).  SOFCs operate at high 
temperatures that allow them to internally reform hydrocarbon fuels as they enter the cell.  
Operating at higher temperatures also allows SOFCs to operate more efficiently than 
other lower temperature fuel cells since the conversion of fuel into energy is more 
efficient at higher temperatures, similar to traditional heat engines (O’Hayre, 2006). 
SOFCs are made with ceramic and ceramic-metallic materials, which make 
SOFCs brittle.  Therefore, discussions surrounding SOFCs have moved away from 
transportation and mainly focused on stationary power generation.  In this sector, SOFCs 
hold several advantages over more traditional methods of power generation.  SOFCs are 
not limited by the Carnot efficiency, which limits traditional sources of energy generation 
such as Brayton and Rankine cycles (Singhal, 2003). 
SOFCs are also fuel flexible, making SOFCs a good transitional technology as 
nations migrate from heavy use of environmentally-harmful hydrocarbons like gasoline 
and natural gas to more sustainable sources such as pure hydrogen.  When SOFCs run on 
hydrocarbon fuels, they internally reform the fuel, which then allows the fuel to be 
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converted into energy (Koh, 2002), and the exhaust consists of standard carbon emissions 
not so different from the common car.  SOFCs produce fewer emissions per kW-h then 
cars since SOFCs operate more efficiently than current heat engines.  As society 
abandons hydrocarbon fuels, SOFCs can transition to producing electricity using 
hydrogen, whose emissions only consist of water after the SOFC process.  Thus SOFCs 
can be implemented into today’s energy infrastructure and still find substantial use in the 
energy future. 
However, it is known that carbon atoms poison an SOFC anode over time (Koh, 
2002).  As the fuel is internally reformed, the carbon atoms that find themselves free in 
the fuel channel can either exit the cell via exhaust emissions, or they can impregnate 
themselves in the anodic material.  The interstitial carbon atoms cause the anode to 
increase in electrical resistance over time by breaking apart the nickel-based electron 
percolation network of the anode until the SOFC can no longer function (Chen, 2011).   
Much research has been done to resolve the problem of carbon-poisoning in 
SOFCs.  One solution is the use of a getter anode.  The idea of a getter anode is to place a 
material upstream of the functional anode that will attract and accumulate carbon before 
the fuel reaches the functional anode.  A properly-designed getter anode would act like a 
filter to the functional anode and be an attractive choice for preventing premature SOFC 
failure due to carbon-poisoning.  However design studies are necessary to understand 
how getter anodes should be implemented in SOFCs. 
 3 
1.2 A Brief Introduction to Solid Oxide Fuel Cells 
A SOFC consists of six components: an anode, a cathode, an electrolyte, a fuel 
channel, an air channel, and an interconnect (O’Hayre, 2006).  A schematic of an SOFC 
is presented in Figure 1.1. 
 
Figure 1.1. Schematic of a Planar SOFC running on pure hydrogen fuel. 
Hydrogen enters the fuel channel and passes above the anode.  If the fuel, such as 
methane, requires reforming to separate the hydrogen from the carbon then the SOFC 
provides the heat generated from the normal operation of the cell to raise the temperature 
of the fuel high enough that the hydrogen separates from the carbon. 
The most common SOFC anode material is yttria-stabilized zirconia (YSZ) doped 
with nickel (Ni) (O’Hayre, 2006).  The YSZ mixed with Ni is a porous cermet that has 
the ability to transport the fuel, electrons, and oxygen ions.  Electrons can travel through 
the chain of Ni, which is laced throughout the anode, since Ni is a good electron 
conductor.  The YSZ has the ability to transport O
2-
 ions at high temperatures due to the 
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added yttrium.  Yttrium replaces some of the zirconium in the zirconia lattice, upsetting 
the charge balance and allowing a vacancy in the lattice which O
2-
 ions can fill (O’Hayre, 
2006). 
The hydrogen navigates through the Ni-YSZ anode in a diffusive process through 
the anode's pores.  The hydrogen eventually locates an YSZ location where an oxygen 
ion is available.  There the hydrogen reacts with the oxygen ion and release the electrons 
from the oxygen ion, which travel to the interconnect via the Ni in the anode.  In addition 
to allowing electron and ion transport, the anode must also be able to withstand the high 
operating temperatures (around 750
o
C) caused by the chemical reactions occurring in the 
cell.  This is why a ceramic material such as YSZ is a good choice for SOFCs (Singhal, 
2003). 
On the opposite side of the fuel cell, air provides oxygen molecules to the cathode 
via the air channel, which passes over the cathode.  Common cathode materials are 
strontium-doped lanthanum manganite (LSM), lanthanum-strontium ferrite (LSF), 
lanthanum-strontium cobaltite (LSC), and lanthanum strontium cobaltite ferrite (LSCF) 
(O’Hayre, 2006).  These materials have high ionic and electrical conductivity, and high 
resistance to temperature and oxidation.  The goal of the cathode materials is to promote 
reduction reactions.  The oxygen is reduced at the cathode by the availability of two 
electrons delivered by the interconnect, and forms an oxygen ion (O
2-
). 
The oxygen ion is transported through the cathode to the electrolyte.  The 
electrolyte is also made of YSZ, like the anode, but is not doped with Ni in order to leave 
the electrolyte a good ionic conductor but a poor electrical conductor.  Both the cathode 
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and the electrolyte are oxygen vacancy conductors, where the oxygen ion is able to move 
from atomic vacancy to atomic vacancy. 
The oxygen ion diffuses to an active site in the anode where it reacts with 
hydrogen, as described before.  This reaction forms water (H2O), which leaves the system 
as water vapor out the exhaust of the fuel cell. 
In order to allow the cycle to repeat continuously, electrons must be provided to 
ionize the oxygen at the cathode.  These electrons are supplied by the water-forming 
reaction at the anode.  To transport the free electrons in the anode to the cathode, the 
electrons use the Ni in the anode to reach the interconnect from the oxidation reaction 
site.  The interconnect is made of a highly electrically conducting metal.  The 
interconnect must be able to deal with thermal expansion which can cause the 
interconnect to disconnect from the anode and cathode during changes in temperature 
(Singhal, 2003).  The interconnect leads from the anode to the cathode, and supplies the 
cathode with the necessary free electrons for reduction and completes the cycle. 
Lastly, there is an electrical potential from the anode to the cathode which drives 
the electrons across the interconnect.  This flow of current through the interconnect and 
its associated electrical potential is usable electricity, and specially-designed SOFC 
stacks are used for the generation of large amounts of electricity. 
SOFCs hold several advantages over other types of fuel cells.  SOFCs have a 
solid electrolyte, which is easier to contain and produce, and non-precious metal catalysts 
which makes them cheaper to manufacture.  SOFCs are also fuel flexible since they have 
the ability to internally reform fuels.  Their relatively high power density and ability to 
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use hydrocarbon fuels make SOFCs ideal for utility scale power generation (O’Hayre, 
2006). However SOFCs are subject to anode and cathode poisoning due to impurities in 
fuel and air intake.  Phosphorous, arsenic, antimony, selenium, and sulfur are all elements 
that are known to have a negative effect on the fuel cell and the anode when these 
elements come in contact with the anode (Marina, 2010).   
1.3 Understanding SOFC Degradation 
The electrical percolation network of the anode can be interrupted by micro-
fractures caused by impurities in the fuel stream (Chen, 2011).  Such a disruption is 
called electron percolation loss, and an increase in electron percolation loss is exhibited at 
the macro-level as increased electrical resistivity of the anode (Kim, 2012).  Eventually 
the impurities cause enough of the Ni network to fracture, resulting in no viable pathways 
for the electrons to make a complete trip across the anode.  At this point, the fuel cell’s 
resistivity is infinite, and the fuel cell ceases to function as the electrons have no way to 
travel to the interconnect and back to the cathode for further reduction reactions. 
The SOFC impurities are the focus of many studies because they are trace 
elements that are found in certain hydrocarbon fuels, such as coal gas and methane.  
Figure 1.2 shows the various trace elements that can be found in select U.S. gasified coal 
streams (Marina, 2010).   
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Figure 1.2. Distribution of trace elements in selected U.S. gasified coal streams. 
(Marina, 2010) 
However the carbon that makes up these hydrocarbons is it itself a known anode 
poison.  It is currently understood that at operating temperatures below 600
o
C chain-like 
carbon fibers form at the surface of the anode, which can slowly deactivate the anode by 
forming an adsorptive layer on the surface of the anode (Zavarukhin, 2004).  This 
mechanism of anode deactivation does not physically destroy the anode itself, and in 
some cases has been shown to be a reversible process (Kuhn, 2014).  Flushing the anode 
with fuel, such as pure hydrogen, has been shown to react with the surface carbon and 
cause it to form low-complexity hydrocarbons, which remove and carry the carbon away 
from the anode. 
Above 700
o
C carbon interacts with the anode in a different manner.  The carbon 
diffuses into the anode and fills interstitial voids in the Ni (Chen, 2011).  The occupation 
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of carbon in the voids causes the anode to grow in size and creates internal structural 
stress.  This stress can eventually cause micro-cracks in the anode, which interrupts the 
chain of Ni in the anode.  This results in electron percolation loss similar to phosphorus 
and arsenic (Marina, 2010).  However, carbon cannot be avoided when using 
hydrocarbon fuels.  Thus carbon poses a great risk to using SOFCs as a transitional 
technology as society transitions from hydrocarbons to greener energy sources. 
Work has been done to show that the effects of carbon on an SOFC can be 
reduced using several techniques.  This includes new anodic materials, introducing steam 
into the fuel, and the use of the aforementioned getter anodes. 
New anodic materials for SOFCs are designed to be carbon-resistant by using an 
alternative material to Ni for the transport of electrons from the oxidation site to the 
interconnect (Cantos-Gomez, 2011).  However, these alternative materials are commonly 
rare earth metals or other elements that are not as common as Ni.  Further, many of these 
new anodic materials underperform in comparison to traditional anode materials such as 
Ni-YSZ. 
Introducing steam into the fuel is also a potential solution since the water vapor 
reacts with the carbon to form simple hydrocarbon chains that carry the carbon out of the 
cell in the exhaust.  But adding steam to the fuel reduces the performance of the SOFC 
since the concentration of hydrogen drops when one adds water to the incoming fuel 
(Snoeck, 2002). 
The third option for reducing carbon deposition in a SOFC is the use of a getter 
anode.  A getter anode is a material that is situated to physically contact the hydrocarbon 
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fuel before the anode, and capture the carbon reducing the carbon content of the fuel.  
The fuel then travels to the anode, thus reducing the total possible amount of carbon 
deposition on the anode. 
The getter anode must be extremely reactive to carbon, just like the functional 
anode.  However, the getter anode can have different geometrical properties such as 
physical size and porosity than the functional anode.  Varying the physical properties of 
the getter anode independently of the functional anode may result in the further reduction 
of carbon deposition on the functional anode.  Design studies would provide insight into 
how getter anodes should be designed. 
It should be noted, however, that removing the carbon from the fuel reduces the 
total amount of energy that can be extracted from the fuel.  Carbon and carbon monoxide 
from the fuel can also react with the oxygen ions in the anode to produce CO and CO2.  
This also will release the electrons from the oxygen ion to travel back to the interconnect.  
When the carbon is removed from the fuel stream, the opportunity for carbon to oxidize 
in the anode is lost and the total amount of energy that can be gained from the fuel is 
reduced. 
Although the removal of carbon is a setback in terms of available energy that can 
be extracted from the fuel, one must remember that the carbon is a destructive species to 
the anode, shortening the life of the anode.  Thus, it is the operator's choice whether to 
allow the carbon to reach the functional anode, or to prolong the lifetime of the anode 
while sacrificing of the amount of energy that can be recovered from the hydrocarbon 
fuel. 
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1.4 Potential Tools in Getter Anode Design 
To investigate getter anode design, computational tools can be developed which 
can reveal trends and insights in getter anode design.  Two types of computational tools 
that may provide the type of insights necessary in scrutinizing getter anode design are 
bulk models and computational fluid dynamics (CFD) models. 
A bulk model eschews the modeling of the physical mechanisms that occur in the 
anode and instead looks at the anode as a whole and models the total amount of carbon 
deposited in terms of macro-scale rates of deposition.  This approach reduces the 
computational complexity of the model, and solving this type of model can be considered 
instantaneous though the model offers no detail on the mechanisms happening in the 
anode (Zavarukhin, 2004). 
A simplification of the carbon deposition mechanism could possibly be simulated 
using CFD.  Complex CFD modeling would involve elements of mass transfer, 
electrochemistry, and heat transfer together to create an accurate model of the anode, 
which could be used to predict anode life (Schluckner, 2015).  CFD can also be used as a 
tool to look at trends and provide design guidance for getter anodes.  A simplified 
computational model that does not require the same level of simulation complexity may 
still be able to provide insight and trends in the design of getter anodes.  Using 
experimental data, one can fit the result of a CFD model to a curve of data to simplify the 
programming of the deposition mechanism.  By doing so, the CFD model can generate 
ample data without the need for experiments or long computational times, and can thus 
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provide guidance in the design of getter anodes quickly as long as the complexities in the 
mechanisms the model simplifies is understood by the user. 
1.5 Problem Statement 
The purpose of this thesis is to investigate aspects of getter anode design with 
respect to the issue of carbon deposition in SOFCs using quick computational models.  
First, previous work done on carbon deposition and deposition modeling is presented to 
provide a background in deposition mechanisms, potential solutions and their drawbacks.  
Second the work describes in detail two computational models that were developed to 
produce trends in anode design quickly.  After the methodology of each model is 
explained, each model is then curve fit to available experimental data.  A decision of 
which computational model to use for the getter anode investigation is then made and 
explained.  The model is then used in the investigation, uncovering trends in getter anode 
thickness and porosity with discussion on the effects of thickness and porosity.  Finally, 
the work is summarized and future potential work is proposed. 
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2. REVIEW OF LITERATURE 
2.1 Review of Carbon Deposition Mechanisms 
Carbon is poisonous to Ni-YSZ anodes because of its affinity to react with Ni.  
However there are several mechanisms of carbon deposition that can occur with an 
anode. 
Zavarukhin and Kuvshinov (2004) found that nanofibrous carbon formed on the 
surface of anodic material at operational temperatures of 490ºC–590ºC.  The carbon 
formed due to exposure to a methane-hydrogen mixture passed over the anode.  Ni acts as 
a catalyst for carbon and reacts with the carbon, forming long nanofibers.  The nanofiber 
is formed by carbon being chemisorbed through the Ni particle and precipitates at the rear 
of the Ni particle as depicted in Figure 2.1 (Lee, 2013).  As the fiber of carbon is formed 
behind the Ni particle, the Ni is lifted further off the anode surface with the Ni forming 
the “head” of the carbon nanofiber.  As mentioned earlier, this form of degradation 
occurs at low operational SOFC temperatures.  The carbon accumulates on the surface of 
the anode, potentially clogging anode pores, and blocking fuel from entering the depths 
of the anode, which is reiterated by Lee et al. (2013). 
 13 
 
Figure 2.1. Schematic of carbon nanofiber growth on Ni catalyst. (Lee, 2013) 
Other experiments at temperatures closer to 750ºC demonstrate that nanofibrous 
carbon is no longer formed.  At these temperatures carbon diffuses into the anode and 
reacts with Ni both at the surface of the anode, and into the depth of the anode. 
  Chen et al. (2011) observed both the nanofibrous carbon and diffusive carbon 
deposition behaviors and their effects on the anode structure.  In their experimental setup, 
different mixtures of syngas were used to operate an SOFC at 650ºC, 700ºC and 750ºC.  
These syngas mixtures were composed of varying amounts of methane, carbon 
monoxide, carbon dioxide, hydrogen, and water vapor.  At 650ºC, large amounts of 
carbon were found inside the anode at a macroscopic level.  Chen et al. hypothesized that 
the carbon had the potential of clogging the pores of the anode preventing fuel from 
flowing through the anode.  To support their theory, Chen et al. reported that there was 
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no structural damage observed within the depth of the anode after operating at 650
o
C, and 
that the degradation was partially reversible by running hydrogen though the cell.  This 
supports the concept of nanofibrous carbon formation since the hydrogen can still access 
and react with the nanofibers which are only located at the surface of the anode.  At 
750ºC, Chen et al. reported finding some of the Ni particles in the anode separated from 
the YSZ by surrounding carbon, as opposed to Ni being lifted off the surface of the anode 
by nanofibers.  At a microscopic level, the carbon deposited interstitially in the Ni lattice 
and initiated metal dusting.  Metal dusting is when Ni disintegrates into powder after 
graphite penetration into the Ni, which attacks the microstructure of the anode as opposed 
to the macro-level pore blockage created by the carbon at 650ºC.  The microstructure 
becomes cracked by the disruption between the Ni and the YSZ.  Such cracks in the 
microstructure can either cause the anode to fail structurally or increase electron 
percolation loss. 
In a separate work by Kim et al. (2012), anode material was exposed to carbon via 
diluted methane.  Although the experiment did not have a fully operational cell, a heat 
source was added to the experiment to promote carbon deposition onto an anode material 
at 750ºC.  Using an in situ scale and a camera, Kim et al. were able to weigh the change 
in weight and volume of the anode material, all of which was attributed to carbon 
deposition since the system was exposed solely to methane mixed with inert nitrogen.  In 
their results, Kim et al. found that the anode was covered in carbon at a microscopic 
level, similar to Chen et al.  This is shown in the SEM images and EPMA mappings of 
Figure 2.2(a)–(f).  Figure 2.2(b) depicts the change in anode surface condition using SEM 
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imaging after exposure to methane.  Figure 2.2(c) and (d) map the concentrations of 
carbon on the anode before and after carbon exposure, respectively.  Notice that Figure 
2.2(c) is blank because the anode prior to expose had no carbon deposition and the 
highest concentrations of carbon are in red in Figure 2.2(d).  Figure 2.2(e) and (f) map the 
concentration of Ni before and after exposure, respectively.  Consistent with Figure 
2.2(c) and (d), the concentration of Ni at the surface of the anode is higher before 
methane exposure as depicted by Figure 2.2(e), and the concentration of Ni is lower after 
exposure as depicted by Figure 2.2(f). 
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Figure 2.2. SEM images and EPMA mappings for carbon and Ni concentration 
profiles in the outer surface of the fresh Ni-YSZ cermet (a, c, e) and the Ni-YSZ 
cermet exposed to 11.5 mol% methane in nitrogen at 750ºC for 1000 min. (b, d, f). 
(Kim, 2012) 
Beyond the surface of the anode, Kim et al. took slices of the anode material, 
which revealed that the carbon had diffused through the depth of the anode.  Using a 
similar rationale as Chen et al., Kim et al. deduced that the anode material was suffering 
at the microstructure level due to the carbon disrupting the Ni percolation network.  Kim 
et al. also noted that there was very little reduction in anode conductivity at the start of 
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exposure to methane and contributed this to a necessity for the carbon to deposit first at 
the surface of the anode before collecting enough concentration to penetrate and diffuse 
into the anode. 
2.2 Review of Modeling Carbon Deposition in SOFCs 
Previous work has been done to model the deposition of carbon in an SOFC using 
a computational simulation. 
In Zavarukhin and Kuvshinov’s (2004) research a bulk model was developed to 
determine the accumulation of nanofibrous carbon on the anode.  To ensure that carbon 
was deposited on the anode as nanofiber, experiments to support the development of the 
model were performed at below 600ºC.  The model assumed that the maximum rate of 
deposition occurred right at the start of carbon exposure when there was no carbon in the 
anode, and eventually decayed to zero when the anode could no longer sustain further 
carbon growth.  To do this, the ratio of the instantaneous rate of carbon deposition, Rc, to 
maximum deposition rate, Rcmax, was related to the fraction of carbon on the anode, c, 
over the total amount of possible deposition, cmax, by the variable a: 
 
 
(1) 
 
 
(2) 
n in equation (2) is an exponent which Zavarukhin and Kuvshinov set to 2 to match their 
experimental results.  Figure 2.3 demonstrates how c/cmax relates to a as validated by 
 18 
experimental data.  As c/cmax reaches one, a decays to zero which indicates that the rate of 
deposition is also essentially zero. 
 
Figure 2.3. Matching experimental (data points) to calculated (line) values of a for 
various c/cmax ratios. Fuel mixtures given as % hydrogen, remainder is methane  
803K, 0% H2 (Diamond); 823K, 0% H2 (Square); 843K, 0% H2 (Triangle); 863K, 
0% (x); 823K, 15% H2 (+); 843K, 15% H2 (Circle). (Zavarukhin, 2004) 
Expressions for calculating Rcmax and cmax given initial conditions were created 
using experimental results specific to deposition mechanisms at temperatures below 
600ºC.  The bulk model they developed was able to accurately predict carbon 
accumulation over time for temperatures under 600ºC.  No attempts for mechanisms 
above 600ºC were made. 
Klein et al. (2007) modeled an SOFC subjected to a methane and steam mixture 
using a CFD simulation.  Their CFD simulation was used to study the use of different 
steam-to-methane fuel ratios to reduce carbon deposition.  To monitor when carbon 
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deposition was expected to occur, Klein et al. utilized ratios of the reaction quotients over 
the equilibrium constants. 
The reaction quotient, Qc, is defined by equation: 
 
 
(3) 
for the reaction: 
 
 
(4) 
where A and B are the concentrations or partial pressures of the reactants, D and E are the 
concentrations or partial pressures of the products, and a, b, d and e are the coefficients of 
A, B, D and E, respectively, in the reaction.  The reaction quotient when a reaction is at 
equilibrium is the equilibrium constant Keq (Brown, 2009).   
Klein et al. assumed that deposition is largely a product of the methane-cracked 
reaction: 
 
 
(5) 
and the Boudouard reaction: 
 
 
(6) 
Given these two reactions, Klein et al. divided the reaction quotient by the 
equilibrium constant for each reaction to understand which direction the reaction was 
moving at a given point in the model.  For the methane-cracked reaction, dividing the 
reaction quotient by the equilibrium constant produces: 
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(7) 
and for the Boudouard reaction the equivalent is: 
 
 
(8) 
where ac represents the carbon activity and Pi is the partial pressure of species i, and KC 
and KB are the equilibrium constants for the methane cracked reaction and Boudouard 
reaction respectively. 
When α and β are less than 1, then the reaction quotient is less than the 
equilibrium constant, or to phrase it differently, there are more reactants and fewer 
products than what is expected at equilibrium.  Since reactions want to move towards 
equilibrium, then the reaction moves towards creating more products, and therefore more 
carbon deposition.  When α and β are equal to unity, then the reactions are at equilibrium.   
When α and β are greater than unity, the reaction quotient is larger than the equilibrium 
constant and there are more products than expected at equilibrium.  In this situation, the 
reaction will move towards equilibrium and thus carbon deposition is unfavorable as the 
reaction produces more reactants to reach equilibrium. 
Klein et al. used the reaction quotient to determine when added steam caused the 
quotient to be more than the equilibrium constant, indicating that carbon deposition is 
unfavorable.  The results showed that there was little chance for deposition for steam-to-
fuel ratios greater than 1, but that ratios under 1 were subject to deposition.  Klein et al. 
concluded that with special attention paid to adding steam to the fuel, carbon deposition 
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could be avoided but did note that SOFC performance goes down as the ratio of steam-to-
fuel goes up. 
Schluckner et al. (2014) also used the reaction quotient to determine when the 
model should be subjected to deposition.  Their CFD model also incorporated a 
heterogeneous reaction mechanism, which accounted for every possible reaction that 
could occur on the anode.  These reactions incorporated the decomposition of methane, 
the creation of lower hydrocarbons and other carbon-containing species such as carbon 
monoxide and carbon dioxide.  For each reaction, Schluckner et al. utilized the frequency 
factor, the Arrhenius-type activation energy, and an additional temperature exponent to 
create a thermodynamic reaction mechanism, which calculated the amount and position 
of surface adsorbed carbon.  The model was able to produce contour plots of the surface 
adsorbed methane and other lower hydrocarbons.  This information is useful for the 
spatial identification of where carbon deposition is occurring.  The results of the model 
were presented at steady-state.  A similar model was developed by Yurkiv (2014) and 
matched to the data provided by Chen et al. (2011). 
2.3 Review of Data for Model Verification 
Literature that recorded the accumulation of diffusive carbon on the anode over 
time is scarce.  Zavarukhin and Kuvshinov's 2004 data are not applicable to this 
investigation since their experiment was performed at temperatures under 600ºC.  Two 
other sources of data have been identified. 
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Kuhn et al. (2014) measured the growth of carbon on a 1/6
th
 piece of a button cell 
anode subjected to various gases including methane.  Their plots of carbon accumulated 
over time by the exposure of methane are shown in Figure 2.4. 
 
Figure 2.4. Carbon Deposition and gasification results for 100 hr chemical 
reversibility testing for carbon deposition from methane.  Each plot is labeled with 
operating temperature in ºC, then carbon deposition gas, and then gasification 
agent.  Carbon mass is normalized by the total mass of the reduced sample. (Kuhn, 
2014) 
The experiments were performed at 600 and 700ºC.  The data at 600ºC 
presumably show the amount of carbon deposited as nanofiber on the button anode piece.  
The 700ºC data presumably show the diffusive carbon deposition mechanism that occurs 
at temperatures above 700ºC.  These data are useful for curve fitting models created for 
the purpose of modeling carbon deposition, though it must be understood that two 
different deposition mechanism are at play for the two different temperatures. 
Kim et al. (2012) subjected a 5mm by 5mm by 18mm piece of anode material to 
various concentrations of methane in nitrogen.  During exposure the weight of carbon 
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deposited and electrical resistance of the anode were recorded over time as shown in 
Figure 2.5(a) and (b). 
 
Figure 2.5. Effect of methane concentration on (a) change in weight of carbon and 
(b) change in electrical resistance: 5.5 mol% (black square), 11.5 mol% (red circle), 
and 23 mol% (blue triangle) methane in nitrogen. (Kim, 2012) 
Kim et al. were able to calculate the amount of carbon deposited by measuring the 
change in weight of the anode over the duration of the experiment.  Kim et al. ultimately 
wanted to develop a curve that related anode resistivity with carbon deposition, and 
therefore plotted carbon deposited over time for three different inlet concentrations of 
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methane.  Worthy to note is that the anode was sliced after exposure and diffusive carbon 
deposition was observed through the depth of the anode. 
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3. METHODOLOGY 
3.1 Introduction 
This section explains the development of the 0-D bulk model and the 2-D CFD 
model.  Included in the discussion are the governing equations used and assumptions 
made.  Because the focus of this research is to investigate getter anode design, neither 
model predicts the electrochemical performance of the SOFC or the anode resistivity.  
Instead the outputs of both models are in amount of carbon deposited in the anode, or the 
getter anode over time.  Carbon deposition also only attacks the anode.  Therefore, both 
models only model the anode and the fuel channel of the SOFC.  The general assumption 
is that the remainder of the SOFC is at a working, nominal state. 
3.2 Bulk Model Methodology 
The bulk model is a 0-D model based on the work by Zavarukhin and Kuvshinov 
(2004).  The model was created in Microsoft Excel.  The model is governed by equation 
(9): 
 
 
(9) 
where ct is the concentration of carbon at the current time step, ct-1 is the carbon 
concentration at the previous time step, and dt is the timestep.  The instantaneous rate of 
deposition, Rc, is initially equal to Rcmax, as described by Zavarukhin and Kuvshinov.  
When a new ct is calculated from equation (9), a new a is calculated from equation (2).  
This a in turn is used in equation (1) to calculate a new Rc for the next time step.  The 
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new Rc is used in equation (9) and the process is repeated until a final specified time is 
reached. 
Zavarukhin and Kuvshinov used experimental data to create expressions for 
calculating the initial parameters Rcmax and cmax and matched their model to experimental 
data as well.  This investigation however cannot use those expressions since they are 
matched to data from a nanofibrous carbon deposition study.  Although the expressions 
for Rcmax and cmax cannot be used, the remaining methodology developed by Zavarukhin 
and Kuvshinov is still applicable to diffusive carbon deposition because the bulk model 
methodology is not specific to carbon nanofibers and the mechanism that forms them.  
The model depends on an initial rate of deposition and does not stipulate what 
mechanism of deposition causes that initial rate.  cmax is dependent on the anode itself, 
mainly its Ni volume.  Therefore, for a given set of carbon accumulation data, the bulk 
computational model should be able to fit any diffusive carbon deposition curve by 
adjusting parameters Rcmax, cmax, and n. 
3.3 CFD Model Methodology 
CFD modeling is useful because it spatially illustrates the movement of carbon or 
any other species through a medium over time.  The CFD model uses two schemas.  The 
first schema is an explicit 1-D convection mass transfer, and the second schema is a 2-D 
diffusive mass transfer.  When the CFD code is executed, the code begins by creating the 
mesh and initializing the boundary and initial conditions.  After conditions have been set, 
the solver begins to diffuse carbon through the anode based on the concentrations of 
carbon surrounding the cell. 
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The simulation domain includes the anode and fuel channel as shown in Figure 
3.1. In the model the anode is L in length and H in height.  The channel is L in length and 
Hch in height.  The entire model is L by H+Hch in dimension.   
 
Figure 3.1. Schematic of CFD model without getter anode. 
 
3.3.1   Governing Equations 
The CFD model uses the convection-diffusion equation as the governing 
equation.  The equation is expressed as: 
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(10) 
where c is the molar concentration of the species, D is the diffusion coefficient, and u is 
the velocity of the species (Fletcher, 1991).  The first term on the right-hand-side is the 
diffusion term, and the second term is the convection term. 
In the fuel channel D is assumed to be zero and Eq. 8 reduces to convective 
transport only; while in the anode the convective transport is assumed negligible and Eq.8 
reduces to Fick’s diffusion. For the anode the diffusion coefficient, D, is replaced by an 
effective mass transfer coefficient, K, in an attempt to reduce the complexity of the 
model.  Because the model does not calculate a reaction rate between the carbon and the 
Ni catalyst, K must be used as an effective combination of the diffusion and reaction 
coefficients.  The reaction rate is expected to slow down the rate of carbon deposition 
into the depth of the anode, so the effective mass transfer coefficient, K, will likely be 
less than the expected diffusion coefficient for just carbon diffusing through nitrogen in a 
porous medium at 750
o
C.  K is defined by fitting the model to a curve of experimental 
carbon accumulation data and determining the necessary K, which fits the model to the 
data. 
At x=0 and x= L, there is a no-carbon flux boundary condition in the x-direction: 
 
 
(11) 
At y=0 and y=H+Hch there is also a no-carbon flux boundary condition in the y-
direction: 
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(12) 
At y=H, there is a mixed boundary condition between the diffusion-dominated domain in 
the anode and the convection-dominated domain in the channel.  The boundary condition 
for the anode domain is defined as: 
 
 
(13) 
where cconv is the solution to the convection in the channel at y=H.  At the same location 
y=H, the convection solver has a boundary condition: 
 
 
(14) 
where cdiff is the solution to the diffusion in the anode at y=H.  The boundary condition 
subtracts the amount of carbon deposited into the anode from the channel at a location x 
for all x in the model. 
3.3.2 Summary of Model Assumptions 
The following assumptions were used in the methodology of the CFD model: 
1. The channel can be modeled as plug flow. As part of the effort to reduce the level 
of complexity of the model, plug flow was assumed to be acceptable for the fuel 
channel.  Plug flow assumes a constant velocity across the channel and avoids 
solving the momentum equation.  Although potential detail in the fuel channel 
velocity profile is lost, the goal of the channel in the model is to apply 
concentrations of carbon along y=H for the anode region.  The plug flow 
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accomplishes this.  A discussion on the effect of the plug flow velocity on the 
model results is presented in section 4.3. 
2. Convection in the anode is negligible. Convection in the anode was ignored 
because the porous nature of the anode reduces the effect of convection in the 
anode.  The tortuosity and porosity of the anode prevents the development of a 
convective flow inside the anode. 
3. An effective mass transport coefficient (K) can be used to characterize the porous 
anode. K represents the diffusive nature of the fuel through the anode and the 
reaction rate at which the carbon deposits on the anode.  Two main issues 
associated with this approach are that the model is dependent on the fitting to 
experimental data, and that there is uncertainty on how to scale K with porosity. 
4. K can be scaled with anode porosity similar to the diffusion coefficient. Since an 
explicit reaction rate is not calculated, it is uncertain how much of the effective 
coefficient is influenced by diffusion and therefore there is some skepticism on 
whether K can be scaled with porosity similar to the diffusion coefficient.  
However reducing porosity in porous media in general infers that there is less 
space inside the media for fluids to diffuse through.  This would slow down the 
transport of carbon in the anode.  This effect of increasing and decreasing 
diffusion based on porosity can be extended to K since the coefficient is a 
combination of the diffusion coefficient and the reaction rate.  Scaling K with 
porosity would exhibit the same general effect on the diffusion in the model as 
would scaling the diffusion coefficient.   
 31 
5. K is constant throughout the anode. This is valid since the factors that influence 
the coefficient are also constant.  The temperature and pressure of the model do 
not fluctuate, nor does the porosity and tortuosity of the anode. 
The model is isothermal. The model is considered isothermal because the fuel cell 
 is considered small enough that changes in temperature across the anode are 
 minimal. 
3.3.3 Numerical Implementation 
The CFD model is split into two regions: one that represents the anode and a 
second, which represents the fuel channel. 
To numerically solve equation (10) in the anode, the second term on the right-
hand-side is removed because only diffusion is considered in the anode region.  This 
reduces equation (10) to Fick's second law of diffusion.  The molar concentration c is 
discretized in time and space.  A forward-difference discretization in time was used in 
order to have the model predict the next time step in the solving of the model.  The 
discretization of c over time takes the form: 
 
 
(15) 
The subscripts j, k, and m refer to the instantaneous time step, x coordinate, and y 
coordinate respectively.  j+1 infers the next time step after step j (Fletcher, 1991). 
A central-difference discretization was performed on c in space.  The central-
difference discretization takes the form of: 
 32 
 
 
(16) 
c is discretized in the x-direction in equation (16) but can also be discretized in the y-
direction in a similar manner.  +1 or -1 after k or m refers to a coordinate sequentially 
before or after k and m (Fletcher, 1991).  As expression (16) indicates, the discretization 
performs a weighted average on the current value of c at that location and the locations 
before and after it in the x-direction.  The same discretization is repeated for the y-
direction. 
Substituting expressions (15) and (16) into Fick's second law of diffusion 
produces the schema: 
 
 
 
(17) 
where c is the concentration of the carbon in the model cell, K is the mass transfer 
coefficient, dt is the time step, and dx and dy are the size of the model cells in the x and 
y-direction, respectively (Hirsch 2007). 
To numerically solve the fuel channel region the model uses equation (10) with 
the first term on the right-hand-side removed since only convection is considered in the 
channel.  Equation (15) is again used to discretize time in the diffusion-less version of 
equation (10).  However a backwards-discretization in space is performed on c for the 
diffusion-less version of equation (10): 
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(18) 
The resulting schema from substituting (15) and (18) into the diffusion-less form 
of equation (10) is: 
 
 
(19) 
where c represents the carbon concentration in the channel (Hirsch, 2007) and u 
represents the velocity.  For this model, the velocity was held constant at a value of 1 
mm/hr or 2.77x10
-7
 m/s because the value worked when matching the model to the data 
from Kuhn et al. (2014) and Kim et al. (2012) and because no velocity information was 
provided by the respective research. 
The results of the model are given in mass of carbon deposited over total mass of 
the anode before deposition: 
 
 
(20) 
where mcarbon is the mass of carbon deposited, and manode is the mass of the anode before 
deposition.  When performing the getter anode study, it is useful to compare the percent 
difference in mass of carbon deposited on the functional anode.  This is calculated using 
equation (21): 
 
 
(21) 
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where mratio is the ratio of carbon deposited to anode mass for the current model solution, 
and mratio,baseline is the ratio of carbon deposited to anode mass of the baseline.  Lastly, 
equation (22) is used to calculate the marginal improvement of % change in carbon 
deposited on anode as thickness of the getter anode changes: 
 
 
(22) 
3.3.4 Discussion of Selection of Explicit Schemas and Model Stability concerns 
The central-difference discretization is used for the diffusion in the anode domain 
because the explicit central-difference discretization in space is quicker to implement 
than an implicit schema and is conditionally stable.   Implementing the explicit schema 
quickly is important because it allows the model to be developed faster to allow more 
time for debugging and ratifying the model and its physics.  The model is stable as long 
as the following condition is met for the diffusive process through the anode (Fletcher, 
1991): 
 
 
(23) 
If dx is equal to dy, as is true in this model, then the expression is simplified to: 
 
 
(24) 
The convection flow through the channel uses an explicit backwards-difference 1-
D convection schema for similar reasons, which decided the anode diffusion schema.  
The explicit backwards-difference 1-D convection schema is fast to incorporate into the 
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model and conditionally stable.  As mentioned before, being able to quickly incorporate 
the schema allows the model development time to be reduced, and allow more time for 
ratifying the model.  The condition for stability is (Hirsch, 2007): 
 
 
(25) 
Both equations (24) and (25) are expressions which identify a characteristic 
effective mass transfer coefficient, K, and velocity, u.  The physical interpretation of the 
stability requirements is that for a given mesh density and time step, there is a maximum 
value for K or u.  If K or u are larger than what equations (24) and (25) prescribe for a 
given mesh density and time step, then the mass transfer in the model moves faster than 
the model can predict, and this causes errors to grow over every time step.  Thus, 
diligence must be used to keep K and u under their characteristic values. 
3.3.5 Discussion of 2D and 3D modeling 
The model is two-dimensional because programming the model in two 
dimensions is easier and faster to implement than three-dimensions.  This simplification 
saves on necessary development time, similar to why explicit schemas were chosen over 
implicit schemas, but subjects the model to the possibility of error caused by neglecting 
any variation in fuel flow or carbon deposition across the top of the anode in the z-
direction.  This aspect of the model must be taken into consideration when reviewing the 
model results and drawing conclusions about getter anode design. 
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3.3.6 Grid Convergence 
The CFD model was ran with several different mesh densities in order to 
determine a suitable mesh density.  To make the comparison dx was set equal to dy, and 
different values for dx were used.  Model solutions of different mesh densities were 
compared by overlaying the solutions, and finding the difference between the solutions at 
common nodes.  A mesh with dx=0.2mm was compared to dx=0.1mm, and dx=0.1mm 
was also compared to dx=0.05mm.  The maximum difference between dx=0.2mm and 
dx=0.1mm was 2.81x10
-4
 mol/mm
3
 and the average difference across the anode was 
1.10x10
-5
 mol/mm
3
.   The maximum difference between dx=0.1mm and dx=0.05mm was 
1.39x10
-4
 mol/mm
3
 and the average difference across the anode was 3.01x10
-6
 mol/mm
3
.  
The maximum difference for a single column in the anode in both situations was at 
x=0.2mm.  The differences between the three meshes at x=0.2mm are shown in Figure 
3.2. 
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Figure 3.2. Carbon deposited in anode to the depth of .3mm, slice taken 1mm from 
fuel channel entrance. 
As shown in Figure 3.2, using the dx=0.2mm mesh over the dx=0.1mm mesh 
results in a larger difference in solution than the difference between dx=0.1mm and 
dx=0.05mm.  However, the difference in solution is at most in the order of magnitude of 
10
-4
, and the average error is in the order of magnitude of 10
-5 
or 10
-6
.  These differences 
are very small when looking at the model, and therefore a mesh with dx=0.1mm was 
selected because it offers a balance between solution refinement and computational time 
necessary to run the model. 
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3.3.7 Model Verification to Analytical solutions 
To verify the implementation of the schemas shown in equations (17) and (19), 
the CFD model was compared to known analytical solutions for a 1-D plug flow problem 
and two 2-D diffusion problems. 
The first scenario is a 1-D plug flow of a truncated sine wave traversing over a 
distance.  The example is provided by Fletcher (1991).  The details of the analytical 
solution are given in chapter 9.1.5 of the Fletcher (1991) text.  The problem has the initial 
conditions: 
 
 
(26) 
and the boundary conditions: 
 
 
(27) 
 
 
(28) 
The analytical solution was compared to the CFD solution at three different times, 
at the beginning, in the middle, and at the end of the analysis.  The analytical solution and 
the CFD solution at t=10s are compared in Figure 3.3. 
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Figure 3.3. Comparison of Analytical and CFD solutions for 1-D Plug Flow Problem 
at t=10s. 
As shown in Figure 3.3, the CFD solution matches the analytical solution in both 
time and space.  The CFD and analytical solutions are again compared at t=90s in Figure 
3.4. 
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Figure 3.4. Comparison of Analytical and CFD solutions for 1-D Plug Flow Problem 
at t=90s. 
 
From Figure 3.4, the CFD model is able to match the analytical solution in time 
and space, but not in magnitude.  The same occurrence can be seen at t=180s which 
shown in Figure 3.5. 
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Figure 3.5. Comparison of Analytical and CFD solutions for 1-D Plug Flow Problem 
at t=180s. 
The diffusing of the sine wave in the CFD solution is expected because the 
backwards-difference schema used for the plug flow is known to introduce an artificial 
viscous term.  This term reveals itself if one performs a Taylor series expansion on the 
backwards-difference schema (Fletcher, 1991). 
The first diffusion analytical solution the model was tested with is from Carslaw 
and Jaeger (1959) and is detailed in chapter 5.3.  The problem is set to a rectangle that is 
a by b in dimensions.  The first three boundary conditions are: 
 
 
(29) 
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(30) 
 
 
(31) 
The last boundary condition applies a constant source, V, to the last side of the rectangle: 
 
 
(32) 
The analytical solution provided is the steady-state solution.  The analytical 
solution and the CFD solution are compared in Figure 3.6. 
 
Figure 3.6. Comparison of CFD and analytical solutions for Carslaw and Jaeger 
diffusion problem. 
The comparison is made by taking a slice of the rectangle through the center at 
x=a/2.  As shown in Figure 3.6, the CFD and the analytical solution match very well 
through the depth of the rectangle with a maximum error within 1% as calculated by: 
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(33) 
Note in Figure 3.6 that it is difficult to differential visually the two plots because 
they are both within 1% of each other. 
A second diffusion problem, presented by Mikhailov and Özişik (1984), is similar 
to the first in that the problem begins with a rectangle that is a by b in dimension.  For 
this problem, the boundary condition in equation (29) still applies, but the boundary 
conditions at x=a and y=0 become zero-flux boundary conditions: 
 
 
(34) 
The fourth boundary condition is similar to equation (32) in that there is a 
constant source, V, applied to the boundary, however the source is only applied for 0 ≤ x 
≤ a/2. 
 
 
(35) 
The analytical solution is available in example 5.9 in chapter 5.3 of the Mikhailov 
and Özişik text (1984).  Again the analytical solution was compared to the CFD solution 
for the same problem.  The comparison is shown in Figure 3.7. 
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Figure 3.7. Comparison of CFD and analytical solutions for Mikhailov and Özişik 
diffusion problem. 
 Figure 3.7 was created by taking a slice of the rectangle at x=0.6m.  Again, the 
CFD model compares well to the analytical steady-state solution as shown in Figure 3.7.  
The error is within 6% using equation (33).  Thus, the comparisons between the CFD 
model and the analytical solutions provide confidence that the schemas and boundary 
conditions are implemented correctly in the CFD model. 
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4. COMPUTATIONAL MODEL VALIDATION 
4.1 Model Fitting with Kuhn et al. Data 
 The models were curve fit to the data available from Kuhn et al.  Kuhn et al. 
provides data for the addition of carbon to the anode over time due to exposure of 0.75 
sccm methane feed at 700ºC and 600ºC.  The volume of the test anode is not reported: 
only that it is one-sixth of a button cell.  However the amount of carbon added over time 
is normalized by the total mass of the anode prior to carbon exposure.  Therefore it is not 
necessary to know the initial volume of the anode. 
 The research by Kuhn et al. is one of the few sources that quantifies the amount of 
carbon deposited on the anode over a duration of time.  Therefore, there are unfortunately 
only two temperatures for fitting the models.  To begin, the bulk model and the CFD 
model were curve fit to the 700ºC data.  To accomplish this, the bulk model’s Rcmax, cmax, 
and n were manipulated until the model’s output resembled the data provided by Kuhn et 
al.  For the CFD model the incoming concentration of carbon was set using the given 
0.75 sccm defined in Kuhn et al.’s work, and then the volume of the anode and the K 
were manipulated until the CFD result mimicked the Kuhn et al. data.  To account for the 
600ºC curve, the bulk model kept all parameters the same except for the initial rate of 
deposition.  For the CFD model, the carbon concentration entering the channel was left 
the same, as was the volume of the anode, but K was scaled with temperature based on 
how the diffusion coefficient is scaled with temperature according to the Chapman-
Enskog theory (Cussler, 1997).  There is question whether K can be scaled in this way 
since K is an effective coefficient combining the diffusion coefficient with a reaction rate, 
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however the attempt was still made.  Table 4.1 lists the parameters used by both models 
for the curve fit to the Kuhn et al. data. 
Table 4.1: Bulk Model and CFD Model Parameters for Kuhn et al. Curve Fit. 
Parameter 
700ºC Bulk 
Model 
600ºC Bulk 
Model 
700ºC CFD 
Model 
600ºC CFD 
Model 
Rcmax (mol/min) .2 0.1 N/A N/A 
cmax (g C / g Anode) 1.525 1.525 N/A N/A 
n 0.03 0.03 N/A N/A 
K (cm
2
/s) N/A N/A 3.47·10
-9 
2.95·10
-9
 
Anode Dimensions 
(mm
3
) 
N/A N/A 
0.75mmx0.75
mmx4.0mm 
0.75mmx0.75
mmx4.0mm 
c0 (mol/mm
3
) N/A N/A 0.02452 0.02452 
 
 The result of the bulk model's runs at both temperatures, and the original Kuhn et 
al. data are shown in Figure 4.1. 
 
Figure 4.1: Carbon Depostion over 100 hours at two temperatures, bulk model 
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Figure 4.2 plots the carbon accumulation for the CFD model at both temperatures 
for 100 hours.  The Kuhn et al. data are included for comparison. 
 
Figure 4.2. Carbon Deposition over 100 hours at two temperatures, CFD model 
As can be observed from Figure 4.1 and Figure 4.2, both models are able to curve 
fit to the 700ºC data particularly well by tweaking each of their respective parameters.  
However, adjusting the models to 600ºC reveals issues for both models, which is 
attributed to the fact that a different mechanism of carbon deposition occurs at 
temperatures under 700ºC, and each model is tuned to represent the diffusive carbon 
mechanism expected at 700ºC and above. 
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4.2 Model Fitting to Kim et al. Data 
 Kim et al. performed an experiment where methane at different concentrations 
was flowed over a 5mm x 5mm x 18mm anode at 750ºC for 1000 minutes.  The 
concentrations of methane were 23 mol%, 11.5 mol%, and 5.5 mol% of the fuel flow.  
Since there is one carbon atom per methane molecule, these concentrations can also be 
used as the molar concentrations of carbon coming into the fuel channel. 
 For this study, the bulk model was curve fit to the 23 mol% curve.  However, 
observation of the Kim et al. data shows that the rate of carbon deposition was increasing 
for the first 1000 minutes.  This signifies that there was an induction period associated 
with the initial rate of carbon deposition.  The bulk model cannot account for this 
induction period because the model is based on the assumption that the initial rate of 
carbon deposition is the greatest at time equals zero.  Therefore, the best that the bulk 
model can do is use the last few data points in the curve to assume a maximum rate of 
deposition, and have the bulk model fit to that portion of the data.  The last four data 
points in the 23 mol% curve were used to calculate an Rcmax.  cmax and n were then 
modified to fit the curve.  The bulk model results are shown in Figure 4.3. 
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Figure 4.3: Carbon Depositon over 1000 minutes According to Bulk model at three 
inlet carbon concentrations. 
To fit the bulk model to the 11.5 mol% and 5.5 mol% curves, the process was 
repeated, with only Rcmax being adjusted.  The values used for the three curve parameters 
are shown in Table 4.2. 
Table 4.2: Bulk model parameters for Kim et al. Curve Fit. 
Parameters 23 mol% 11.5 mol% 5.5 mol% 
Rcmax (mol/min) 2.53x10
-4 
1.01x10
-4 
3.88x10
-5 
cmax (g C / g Anode) 5 5 5 
n 2 2 2 
 
 For the CFD model, the parameters c0 and the volume of the anode are set by Kim 
et al.  To fit the CFD model to the 23 mol% curve, K was modified.  After the CFD 
model was fit to the 23 mol% data, the CFD model was run for the 11.5 mol% and 5.5 
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mol% conditions by changing only co.  All other parameters were left the same.  The 
results of the three runs are shown in Figure 4.4. 
 
Figure 4.4: Carbon Deposition over 1000 minutes According to CFD model for three 
different inlet carbon concentrations. 
As shown in the plot, the CFD model can fit the curves provided by Kim et al 
within reason.  The parameters used for the CFD model are available in Table 4.3: 
Table 4.3: CFD model Parameters for Kim et al. Curve Fit. 
Parameter 5.5 mol% 11.5 mol% 23 mol% 
co (mol/mm
3
) .0588 0.1231 0.246 
K (cm
2
/s) 4.861·10
-10
 4.861·10
-10
 4.861·10
-10
 
Anode Volume (mm) 5x 5x 18 5 x 5 x 18 5 x 5 x 18 
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The values for K are less than the expected value of the diffusion coefficient by 
itself.  This is expected because the reaction rate will limit the speed at which the carbon 
diffuses inside the anode.  If the reaction rate were higher, then K would be closer in 
value to the expected diffusion coefficient. 
4.3 Effect of Velocity in Channel Plug Flow 
 A constant velocity of 1 mm/hr or 2.77x10
-7
 m/s was used in equation (19) when 
fitting the CFD model to the Kuhn et al. and Kim et al. data.  The value for velocity was 
chosen arbitrarily, since Kuhn et al. and Kim et al. do not specify the velocity of their fuel 
flows, nor do they provide enough detail to determine what the velocities are.   
To test the effect of velocity on the model, the model was run using 3 different 
velocities.  The results of the study are shown in the following three figures.  Figure 4.5 
shows the contour plot of the carbon concentration with a velocity of 5.55x10
-8
m/s. 
 
Figure 4.5. Carbon concentration on the anode with a velocity of 5.55x10
-8
m/s. 
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Figure 4.6 shows the same contour but with a velocity of 1.38x10
-7
m/s. 
 
Figure 4.6. Carbon concentration on the anode with a velocity of 1.38x10
-7
m/s. 
Lastly, Figure 4.7 shows the same contour with a velocity of 2.77x10
-7
 m/s. 
 
Figure 4.7. Carbon concentration on the anode with a velocity of 2.77x10
-7
m/s. 
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y=0mm represents the concentration in the fuel channel.  From qualitative comparison of 
Figure 4.5, Figure 4.6, and Figure 4.7 increasing the velocity of the plug flow increases 
the amount of carbon deposition on the anode since the plug flow delivers more carbon to 
the fuel channel.  When the velocity is decreased, the total amount of deposition 
decreases since less carbon flows through the channel.  In addition, increasing the plug 
flow velocity allows for more carbon concentration to traverse the channel.  At around 
x=18mm, all three contours show a dip in carbon concentration into the depth of the 
anode.  Figure 4.5 shows the most severe dip in concentration, while Figure 4.7 has a 
relatively more uniform concentration across the length of the anode. 
 Velocities above 2.77x10
-8
 m/s could not be tested because the model would fail 
the stability criterion from equation (25) with the given timestep size and grid density. 
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5. GETTER ANODE ANALYSIS 
The CFD model can provide guidance for anode design, specifically a getter 
anode design.  The bulk model cannot assist in getter anode design because it does not 
resolve the anode.  The design of a getter anode must take several factors into account.  
Since the reaction rate is unknown, only geometry parameters like size and the porosity 
of the getter anode can be investigated using the CFD model.  Thus, the CFD model will 
be used to perform design studies where the quantitative solution is not necessary, but 
instead provides trends which can guide design considerations for determining an ideal 
length and porosity for a getter anode. 
A getter anode should ideally act similar to a filter that removes carbon from the 
inlet fuel stream, preventing the carbon from damaging the functional anode.  In this 
study, the getter anode is envisioned as a layer of Ni-YSZ, which is layered above the 
functional anode.  Inlet fuel passes through the getter anode, contacting the Ni in the 
getter anode before diffusing through the functional anode. 
5.1 Study on Getter Anode Thickness 
The CFD studies on getter anode design use the 23 mol% methane at 750
o
C data 
provided by Kim et al. as a baseline for comparison to studies with changes in the anode 
design.  The model uses the same size anode as reported by Kim et al but simulates 100 
hours of carbon exposure time to emphasize the change in carbon deposition over time. 
The first study conducted was the comparison of getter anodes at varying anode 
thicknesses.  The getter anode thicknesses tested were 0.1, 0.2, 0.3, and 0.4 mm.  The 
functional anode was left the same at 5 mm thickness.  All other variables were left the 
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same.  Figure 5.1 illustrates the growth of carbon into the depth of the anode when a 
0.1mm getter anode is used.  As time t increases, the total amount of carbon deposited 
also increases, but the largest increases in concentration occur in the getter anode at 
x=0.1mm.  
 
Figure 5.1. Carbon Deposition at x=2mm for 0.1mm thick getter anode for various 
times. 
Thus from Figure 5.1 it is apparent that most of the carbon is still relatively close 
to the surface of the anode and that even a 0.1mm getter anode will be effective in 
preventing carbon from reaching the functional anode. 
The total amount of carbon deposited in the functional anode for different getter 
anode thicknesses are shown in Figure 5.2. 
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Figure 5.2: Carbon Deposition on functional anode over 6000 minutes using CFD 
model with varying getter anode thickness. 
As the length of the getter anode increases the amount of carbon deposited in the 
functional anode decreases.  This is reasonable since the carbon in the fuel stream must 
travel longer through the getter anode, and the probability that the carbon comes in 
contact with Ni in the getter anode increases.  Therefore, it is reasonable to see an 
increase in the amount of carbon deposited in the getter anode as is shown in Figure 5.3. 
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Figure 5.3. Carbon Deposition on getter anode over 6000 minutes using CFD model 
with varying getter anode thickness 
Another observation reveals that the sum of the carbon in both the getter and 
functional anodes is constant for all getter anode lengths, and is the same as what is 
deposited in the functional anode when there is no getter anode as is the case in the 
baseline run. 
Table 5.1 states the percent reduction in carbon deposited on the functional anode.  
The amount of carbon deposited in the functional anode listed in Table 5.1 was calculated 
using equation (20).  The percent change in carbon deposited in the functional anode 
from the baseline listed in Table 5.1 was calculated using equation (21).  The percent 
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change in carbon deposition from the previous thickness listed in Table 5.1 was 
calculated using equation (22). 
Table 5.1: Summary from comparing five different Getter Anodes thicknesses. 
Length 
of 
Getter 
Anode 
Amount of Carbon 
Deposited in 
Functional Anode (g 
C/ g Anode) 
Percent change in 
Carbon deposited in 
Functional Anode 
From Baseline 
Percent 
change from 
Previous 
Thickness 
0 mm 8.424   0% 0 
.1 mm 3.468 -58.83% -58.83% 
.2 mm 1.212 -85.62% -26.79% 
.3 mm 0.363 -95.69% -10.08% 
.4 mm 0.094 -98.88% -3.19% 
 
The functional anode is 5 mm in length.  Increasing the total size of the anode by 
adding a 0.1mm getter has the potential benefit of reducing the carbon deposited on the 
functional anode by almost 60% according to the CFD model.  This reflects that after 100 
hours the majority of the carbon deposited is still relatively near the surface of the anode.  
Therefore, adding just 0.1mm of getter anode is very beneficial to removing carbon from 
the functional anode.  Also worth noting is that a 0.3 mm getter anode removes slightly 
more than 95% of the carbon in the fuel, inferring that a large getter anode is not 
necessary to remove all of the carbon that enters the functional anode. 
One aspect that the model does not account for is the mass transport of hydrogen 
through the getter and functional anode.  Hydrogen must also diffuse its way through the 
getter anode, which could possibly be an impediment to hydrogen reaching the actual 
functional anode.  Because the model does not account for hydrogen, it is not possible to 
quantify the effect the length of the getter anode has on hydrogen transport.  
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Theoretically, H2 gas is a smaller molecule than carbon and therefore it is expected that 
hydrogen would make it to the functional anode in greater quantities than the carbon. 
5.2 Study on Getter Anode Porosity 
The second study performed for getter anode design is a study on the effect of 
porosity on the getter anode.  Porosity is the ratio of void space in a volume compared to 
the total volume: 
 
 
(36) 
where Vvoid is the volume of empty or void space, and Vtotal is the total volume of the 
medium.  Increasing and decreasing the porosity of the medium changes the medium's 
ability to allow flow through the medium.  A good anode will allow enough pore space 
for fuel to flow through the anode.  However, enough YSZ and Ni must be present in 
order to foster oxidation reactions in the anode and electron transport to the interconnect, 
respectively.  Taking this into consideration, the CFD model is used to understand how 
getter anode porosity effects carbon diffusion through the total anode.  The CFD model 
was run using a 0.1 mm thick getter anode.  The study looked at porosities of 35%, 30%, 
25%, and 20% and compared them to the baseline 42% porosity (as reported by Kim et 
al.).  Porosity of the getter anode was modified by scaling the baseline K (which was 
good for 42% porosity) to the new value of porosity.  Figure 5.4 shows the accumulation 
of carbon at x=2mm and a getter anode of 0.1mm thickness for three different porosities. 
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Figure 5.4. Carbon Concentration through anode slice at x=2mm for three different 
getter anode porosities (getter anode 0.1mm thick) 
The getter anode is represented by x=0.1mm in Figure 5.4.  x greater than 0.1mm 
is the functional anode.  Figure 5.4 shows that total deposition for both the getter anode 
and the functional anode goes down as the porosity goes down.  Thus one would expect 
to see this trend across the entire anode if a given slice of the getter anode and functional 
anode exhibit such behavior. 
The accumulation of carbon on the functional anode for all porosities is shown in 
Figure 5.5. 
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Figure 5.5: Carbon Deposition on the functional anode over 6000 minutes according 
to CFD model with varying getter anode Porosity. 
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The accumulation of carbon on the getter anode over 100 hours is plotted in Figure 5.6. 
 
Figure 5.6. Carbon Deposition on the sacrificial anode over 6000 minutes according 
to CFD model with varying getter anode Porosity. 
As shown in Figure 5.5 and Figure 5.6, the amount of carbon that enters both the 
getter anode and the functional anode are both reduce as the porosity of the getter anode 
is reduced.  From this study, the conclusion is that as the getter porosity is reduced, less 
carbon enters the getter anode, and thus prevents carbon from reaching the functional 
anode as well. 
However, it must be reiterated that the study does not account for the flow of 
hydrogen through the total anode.  Reducing the porosity of the anode will restrict the 
flow of both carbon and hydrogen through the anode.  Therefore, one should be hesitant 
 63 
to concluding that a getter anode should have a low porosity because analogous to 
increasing the length of the getter anode, the decreasing of the porosity could starve the 
functional anode of hydrogen fuel. 
In theory the getter anode could have a gradient to its porosity.  The gradient 
would make the surface porosity smaller and then grow larger through the thickness of 
the anode.  This may be beneficial for the getter anode since it will dissuade larger carbon 
atoms from entering the pores and allow smaller hydrogen atoms to flow through the 
getter anode to the functional anode. 
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6. CONCLUSIONS 
6.1 Development of Fast Computational Tools for Getter Anode Study 
Two computational tools, a 2-D CFD model and a 0-D bulk model, were 
developed specifically for the purpose of investigating trends in getter anode design.  To 
do this, the models quickly estimate the amount of diffusive carbon deposition in an 
SOFC anode at 750ºC over time.  This provided guidance in the understanding of how 
thickness and porosity affects the getter anode’s ability to withhold carbon from the 
functional anode.  The models were created in part by fitting the results of both models to 
available experimental data.  Neither model was able to fit data under 600ºC as the 
deposition mechanism changes below that temperature.  The ability for the 2-D CFD 
model to split the solver into two sections, one for the getter anode, and one for the 
functional anode is what ultimately gave the CFD model the advantage for use in the 
getter anode investigation. 
6.2 Investigation in Getter Anode Design 
According to the CFD model, the addition of a 0.1mm thick getter anode to the 
baseline 5mm thick anode, provided by Kim et al., reduced the amount of carbon 
deposition in the functional anode by approximately 60%.  Increasing the anode thickness 
to 0.3mm reduced the amount of carbon deposition on the functional anode by just over 
95%. 
Decreasing the porosity of the getter anode had the trend of also decreasing the 
amount of carbon deposition in the functional anode as well as the getter anode.  
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Decreasing the porosity from the baseline 42% down to 20% reduced the amount of 
carbon in the functional anode by roughly 30%. 
Qualitative considerations were included in the discussion of varying the 
thickness and porosity of the getter anode.  Mainly increasing the thickness and 
decreasing the porosity both have a positive effect on reducing carbon deposition, but 
both would increase resistance for the fuel to flow to the functional anode.  The model 
does not provide enough guidance to suggest an optimal balance between decreasing 
getter anode porosity and increasing getter anode thickness and the possible drop in 
SOFC performance due to the constriction of fuel. 
6.3 Future Work 
Future work includes incorporation of fundamental reaction rates of carbon 
deposition into the model.  This would allow for the possibility of using the model 
without the need to fit the model’s results to data to determine an effective mass transfer 
coefficient.  Instead, a reaction rate and diffusion coefficient could be utilized.  
Calculating different reaction rates in the model would also allow the model to 
incorporate getter anode materials different from the functional anode.  However the 
incorporation of reaction rates into the model should not reduce the models ability to 
quickly produce results for the sake of performing quick studies to find design trends.  
Other future research would include the expanded scope of the model, mainly the 
function and design of the getter anode in large utility-sized operations.  Since the getter 
anode is effective in removing carbon from the fuel stream, but possibly reduces the flow 
of fuel to the functional anode, one can envision different designs of SOFC stacks where 
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the getter anodes are placed in a way or designed in such a shape as to reduce the amount 
of restriction on the fuel flow to the functional anode.  Such theoretical placements and 
geometrical designs would require additional investigation to observe their effect on the 
total system. 
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